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Figure 1. Inhibitors of PI3K and Their Binding Characteristics to the Enzyme in Solution
Beside each compound is a representative IC 50 for PI3K inhibition. 
, 1995). LY294002 is a synthetic
here report should provide the basis for the rational compound that was designed as a PI3K inhibitor based development of novel, more specific PI3K inhibitors. on the flavonoid quercetin (Vlahos et al., 1994) . Although the reported IC 50 of LY294002 is about 500-fold higher than that of wortmannin, LY294002 is widely used in cell Results and Discussion biology as a specific PI3K inhibitor because it is much more stable in solution than wortmannin. For compariAll of the inhibitors we investigated are competitive inhibitors of ATP binding. Because the porcine and huson with ATP analog inhibitor binding by protein kinases, we have determined the structures of PI3K with the man enzymes have 95.3% overall sequence identity and complete identity in the ATP binding pocket, there broad-spectrum protein kinase inhibitors quercetin, myricetin, and staurosporine. Quercetin and myricetin are no apparent structural differences between these two species in this region. We measured affinities of are naturally occurring flavonoids that can inhibit a broad range of protein kinases (Srivastava, 1985) . and 5B). The primary amine of active site Lys-833 attacks wortmannin at the furan ring (Wymann et al., 1996) . involves the backbone of Val-882 and the 17-keto oxygen of wortmannin, the morpholino oxygen of LY294002, The resulting covalent complex, which irreversibly inhibits the enzyme, is clearly seen in the electron density the ketone oxygen of quercetin, the hydroxyl oxygens of the phenyl moiety of myricetin, and the lactam nitromap (Figure 4 ). In comparison with LY294002, quercetin, myricetin, gen of staurosporine. None of the inhibitors extend into the space analogous to the volume occupied by the ␤ and staurosporine, wortmannin causes a fairly large conformational rearrangement in the active site (Figure and ␥ phosphates of ATP in the PI3K/ATP complex. All of the structures extend into a region that has been 6A). Binding of wortmannin and covalent modification of Lys-833 causes a movement of residues 832-838 designated as hydrophobic region I in the protein kinases. This region that is opposite to the ribose binding and 871-876 away from the ATP binding pocket. This movement is associated with the rotation of the side region is delimited by Tyr-867 and Ile-879 in PI3K␥ (Figures 4 and 5) . All of the inhibitors make more extensive chains of Phe-832 and His-834 that pack against Leu-742 and Thr-746 of helix k␣1. This results in a coordiinteractions with this site than the ATP does. nated movement of helix k␣1 away from the ATP binding pocket. In addition, residues 748-750 at the C-terminal Wortmannin Binding Wortmannin binds in the ATP binding site so that one end of k␣1 lose their ␣-helical conformation, and Glu-755 in the loop C-terminal to k␣1 becomes oriented face of wortmannin packs against the N-terminal lobe (residues 831, 879, 881, and 882) and the other face toward Lys-808 ( Figure 6A ). C11 to which the acetoxy group is attached makes only one limited van der Waals contact with the enzyme via There is a close shape complementarity between the the side chain of Met-804. This is consistent with the PI3K active site and wortmannin. Both of the methyl observation that the desacetoxywortmannin binds only groups of wortmannin fit into small, hydrophobic pockslightly more weakly than wortmannin (16.7 nM versus ets in the N-terminal lobe. The C13 methyl fits into a 4.2 nM) (Powis et al., 1994). However, substituting more pocket made by residues 831, 879, 880, and 881, while lipophilic groups such as a butyryl group for the acetoxy the C10 methyl fits into a pocket made by residues group increases affinity of the compound for PI3K 804, 810, and 831. These hydrophobic pockets are not (Creemer et al., 1996) . This is probably the result of the occupied in the ATP structure. partially overlaps the volume occupied by the adenine group occupies a space corresponding to the ribose of ATP ( Figures 3C, 4 , and 5C). The active site of PI3K is in the ATP/enzyme complex ( Figures 3C, 4, and 5C ). There is a hydrogen bond between the morpholino oxymore open at this position than in the protein kinases, and PI3K makes only limited contact with the ribose gen and the backbone amide of residue 882, and this bond mimics the interaction that N1 of ATP makes with moiety ( Figures 3A and 5A ). LY294002 probably cannot be well accommodated in the protein kinases that make the enzyme. Loss of this interaction is presumably the reason that analogs lacking a hydrogen bond acceptor more extensive interactions with the ribose and that, consequently, have less space in this region. at this position are poor inhibitors. The chromone (benzopyran-4-one) scaffold of LY294002 is approximately coplanar with the adenine ring of ATP. There is Quercetin Binding The plant-derived bioflavonoid quercetin [2-(3,4-dihya putative hydrogen bond between NZ of Lys-833 and the ketone moiety. Removal of the phenyl ring decreases droxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-4-one] is a broad-spectrum protein kinase inhibitor. In the PI3K/ inhibition approximately 3-fold. Occupying a similar space as the ribose of ATP, the 8-phenyl ring packs quercetin complex, the electron density for quercetin has a boomerang shape with a larger and a smaller against Met-804 and Trp-812 on one side and Met-953 on the other. LY294002 does not extend into the phoslobe. The model for the enzyme/quercetin structure was constructed so that the chromone moiety fills the larger phate binding region. The presence of the putative hydrogen bond between the side chain of Lys-833 and the lobe of the boomerang (Figure 4 ). This density unambiguously defines the position and plane of the quercetin. ketone means that there is less free space on the ketone side of the chromone ring system. This explains why a However, the dihydroxyphenyl moiety is incompletely defined. This may indicate that the compound binds in 5-6 fused phenyl derivative was a poorer inhibitor than a 7-8 fused phenyl derivative. more than one orientation. Quercetin has previously been crystallized with the The K d of PI3K␥ for LY294002 is 0.21 M, similar to the affinity of the enzyme for the broad-spectrum protein tyrosine kinase Hck (Sicheri et al., 1997) (PDB entry 2HCK). Relative to the Hck/quercetin complex, the PI3K kinase inhibitor quercetin (K d ϭ 0.28 M, Figure 1) . However, LY294002 is a specific inhibitor for PI3Ks, and at complex has a shift in the quercetin so that the chromone appears to make three hydrogen bonds with the a concentration of 50 M, LY294002 has no inhibitory effect on a range of protein kinases, including the backbone of residues 880-882 in the linker region (Figure 5D) . Table 1 . Crystals were then transferred to fresh 8], 100 mM NaCl, 1 mM MgCl 2 ) and lysed by sonication in the presence of protease inhibitors (complete EDTA-free tablets, Boehringer inhibitor/cryoprotectant for 30 s and frozen in a stream of N 2 at 100 K. Mannheim). The lysate was centrifuged at 100,000 g for 1 hr, and the supernatant was incubated with 2.5 ml of Talon as tryptophan, the fluorescence of staurosporine in the same buffer NP-40, 5 mM EDTA, and 20 mM NaF). Cleared supernatants were without protein was also subtracted from each measurement. All incubated with glutathione-Sepharose (Pharmacia) to immobilize measurements were carried out at 20ЊC. Data were fitted to a binding PI3K␥. For activity measurements, the protein was released from equation to obtain dissociation constants (using nonlinear leastwashed beads by incubation with lysis buffer (without supplements) squares fitting in Kaleidograph). containing 5 mM reduced glutathione. PI3K was stored in 50% polyethyleneglycol, 10 mM Tris . HCl pH 7.5, 1 mM EDTA, 5 mM benzamiAcknowledgments dine, and 1 mM dithiothreitol at Ϫ20ЊC until use. PI3K activity was assayed with PtdIns (PtdIns/PtdSer mixture) and [ 
